The new vibrational and computational studies on bis(2-aminopiridinium) fumarate -fumaric acid (1:1) complex have been made. The molecular geometry, vibrational frequencies and intensities of vibrational bands have been interpreted with the aid of structure optimization based on density functional theory (B3LYP) method with 6-311++G(d,p) basis set. The highly occupied-lowly unoccupied molecular orbital energies and chemical reactivity of the molecule have been calculated with time-dependent density functional theory approach. Stability energies of the molecule have been studied using natural bond orbital analysis. The predicted nonlinear optical properties of the title compound are much greater that those of urea. In addition, the molecular electrostatic potential surfaces and thermodynamic properties were calculated.
Introduction
The crystal structure of 2-aminopyrimidine-fumaric acid co-crystal was published by Goswami et al. [1] with the unit cell parameters a = 3.80, b = 19.18, c = 13.06 Å and β = 96.89
• . Later the crystal structure of the bis(2-aminopyridinium) fumarate -fumaric acid (1:1) (2APF-F) was published and deposited in the CSD database in 2002 by Ballabh et al. [2] and found that the compound crystallized in monoclinic system with P 2 1 /c space group, the unit cell parameters are as follows: a = 10.47, b = 4.95 Å, c = 19.21 Å and β = 102.14
• . The carboxylate group of the 2APF-F interacts with the aminopyridinium cation through the pair of N−H. . . O hydrogen bonds and form an eightmembered R 2 2 (8) ring motif. This motif is one of the 24 most frequently observed bimolecular cyclic hydrogenbonded motifs in organic crystal structures. In 2013 Dong et al. [3] found the new polymorph of 2APF-F, which crystallized in triclinic system in centrosymmetric space group. In both polymorphs asymmetric units consist of one 2-aminopirydinium cation, half a fumaric acid molecule and half a fumarate dianion.
The fumaric acid is an organic dicarboxylic acid which is widely found in nature and it is also a key intermediate in the biosynthesis of organic acids. The fumaric and maleic acid are the simplest dicarboxylic acids exhibiting a carbon-carbon double bond. Both acids have important applications in polymer industry [4, 5] and also in medicine [6] [7] [8] [9] as anti-fungicides and antitumor agents. Macoas et al. studied the spectroscopic and computa- * corresponding author; e-mail: kanagathara23275@gmail.com tional studies of (E)-and (Z)-buthenedioic acids [10] . The heteroaromatic pharmaceuticals containing nitrogen (like pyridine) are very popular in the resent days. The aminopyridine molecules are mainly used as the starting materials in the production of various drugs. The aminopyridine and derivatives are used in the synthesis of pharmaceuticals especially for antihistamines, antiinflammatories drugs. The Fourier transform infrared (FT-IR) and the Raman spectra of pure 2-aminopyridine were studied by Mohan and Ilangovan [11] . The fumaric acid and 2-aminopyridine could be proton donor and/or acceptor and are widely used in crystal engineering to obtain the structures with rich hydrogen bonds network. The excellent hydrogen bond network in this combination makes it suitable for NLO applications [12] . The weak intermolecular interactions, like hydrogen bonds cause significant changes in the vibrational spectra [13] . In addition in the crystals are symmetrically spread molecules which can cause some kinds of splitting [14] . These effects make the spectra of the solids differ from spectra of liquids or gases. It is known that vibrational (IR and Raman) spectroscopy would be a suitable method to study hydrogen-bonded complexes in crystalline form.
In this communication, the detailed assignment of vibrational studies of 2APF-F is discussed by both theoretical and experimental results. Density functional theory (DFT) calculations are used in order to perform structural analysis of the title molecule. Additionally, the non-linear optical properties, frontier orbitals, molecular electrostatic potential, interaction energies (NBO) and statistical thermodynamic properties have been investigated using B3LYP method.
Experimental
The starting compounds, 2-aminopyridine (Merck, ≥98%) and fumaric acid (Merck, ≥99%), were used with-(45) out any further purification. Compounds were dissolved in doubly distilled water in equimolar amounts. Then the solution was purified with the aid of charcoal and allowed to evaporate at room temperature. Crystals of bis(2-aminopyridine) fumarate -fumaric acid (1:1) appeared after a month.
Characterization
The X-ray diffraction data were collected on a four circle KUMA KM-4 diffractometer equipped with a twodimensional area CCD detector. The graphite monochromatized Mo K α (λ = 0.71073 Å) and ω-scan technique with ∆ω = 0.75
• for one image were used for data collection. Integration of the intensities, correction for Lorentz and polarization effects was performed using KUMA KM-4 CCD software [15] . The crystal structure was solved by a direct method and subsequent difference Fourier syntheses of SHELXL-PLUS program system [16] and the structure was refine by use of SHELXL 97 [17] . Anisotropic displacement parameters were included for all non-hydrogen atoms. The spectroscopic measurements were carried out at room temperature, in the region 4000-80 cm −1 . The powder infrared spectra were measured using Bruker IFS-88 spectrometer with resolution 2 cm −1 , signal/noise ratio were established by 32 scans. The samples in Nujol and Fluorolube suspensions were used to eliminate the bands originating from the oils. Powder Fourier transform Raman spectra were taken with an FRA-106 attachment to the Bruker IFS-88 spectrometer equipped with Ge detector cooled to liquid nitrogen temperature. Nd +3 :YAG air-cooled diode pumped laser of power ca. 500 mW was used as an excitation source. The incident laser excitation was 1064 nm. The scattered light was collected at the angle 180
• in the region 3600-80 cm −1 , resolution 2 cm −1 , 32 scans.
Computation details
The DFT has long been recognized as a better alternative tool in the study of organic, inorganic chemical system. In the present study, DFT calculations were performed by DFT-B3LYP method with 6-311++G(d,p) basis set using Gaussian 09 program [18] , under the calculation grant at WCSS (WCSS#106602). The single crystal X-ray diffraction experimental results are given as input to the Gaussian program to obtain the molecular geometry. Vibrational frequencies were scaled by 0.9613 [19] . The assignment of the calculated normal modes has been made on the basis of the corresponding PEDs. The PEDs are computed with quantum mechanically calculated vibrational frequencies using VEDA program [20] . The energy gap value between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies was also calculated. The chemical reactivity was also calculated by IEF-PCM method in one solvent-water (ε = 78.39). Electrostatic potential energy surface map is employed to convey the varying intensities of the electrostatic potential energy values. The polarizability α, dipole moment µ and first order hyperpolarizability β are calculated using B3LYP/6-311++G (d,p) basis set on the basis of the finite-field approach. The NBO analysis was performed at the B3LYP/6-311++G(d,p) level of theory by means of the NBO 3.1 [21] program within the Gaussian 09 package.
Results and discussion

Structural analysis
The obtained crystal crystallizes in the monoclinic system with P 2 1 /c space group. The lattice constants are: a = 10.387(18) Å, b = 4.926(10), c = 19.148 (19) , α = γ = 90
• , β = 101.61(10)
• . Other crystallographic parameters are collected in Table I . Atoms numbering scheme is presented in Fig. 1a . The asymmetric unit cell of [2APF-F] contains one 2-aminopyridine cation, half of the fumarate dianion and half acid molecule -both are located in the centers of symmetry. The structure is stabilized by hydrogen bonding. Hydrogen bond in 2APF-F crystal structure is shown in Fig. 2 . Crystal structure revealed that the dianion is involved in complementary dimeric hydrogen bonding interactions with two 2-aminopyridinium The optimized geometrical parameters of bis(2-aminopyridine) fumarate -fumaric acid (1:1) are obtained using B3LYP/6-311++G(d,p) method and the results are listed in Table II . The atomic numbering scheme of the theoretical molecular structure of the studied compound is shown in Fig. 1b . As seen from Table II , most of the bond lengths are insignificantly longer than the experimental values and the bond angles are slightly smaller from experimental ones. It should be noted that experimental results belong to solid phase and theoretical computations belong to the gas phase. The comparison reveals that there are no big differences between these two structures. Table III The biggest difference in bond lengths ≈ 0.184 Å is found in H5-N1 bond between the experimental and the predicted value. The biggest difference for the bond angles is found as 6.1
• at H2-O2-C1. The biggest differences of bond lengths and bond angles mainly occur in the groups involved in the hydrogen bonds, which can be also easily understood by taking into account the intermolecular interactions present in the crystal.
Vibrational analysis
The optimized structural parameters were used to compute the vibrational frequencies of 2APF-F by using B3LYP/6-311++G(d,p) method. The experimental vibrational spectra for normal and deuterated crystals are shown in Figs. 3 and 4 , respectively. The total num- internal vibrations should be observed in the IR spectrum and 252 on the Raman spectra. As shown on the IR and Raman spectra the number of vibration it is much smaller. This may be the result of applying vibrations of similar energies. The bands observed in the region 4000-200 cm −1 arise from the vibrations of protons in the hydrogen bonds, the internal vibrations of 2-aminopyridine cations, fumarate anions and fumaric acid. The bands below 200 cm −1 arise from the lattice vibrations of the crystal. Theoretical FT-IR and FT Raman spectra ( Fig. 5 ) are interpreted by means of PEDs using VEDA program [20] . The observed FTIR, FT-Raman and calculated frequencies determined by B3LYP method with 6-311++G(d.p) basis set along with relative intensities, probable assignments and potential energy distribution (PED) are listed in Table V . The Raman intensities derived from the computed Raman activities using the equation ( for the Raman spectrum. Theoretically this vibration is calculated at 1629 cm −1 with strong intensity. The band at 1162 cm −1 with medium intensity in the Raman is assigned to CH in plane bending vibrations. The corresponding IR counterpart lies at 1172 cm −1 with strong intensity. Theoretically this peak is calculated at 1186 cm −1 . The band at 1411 cm −1 in the theoretical spectrum can be assign to H-C bending vibration. The theoretically calculated OH stretching mode for free (not bonding) carboxylic group is at 3609 cm −1 . The experimental value for this mode is at 2600 cm −1 in IR spectrum and not observed in the Raman spectrum. The stretching C=O band is observed in IR and the Raman spectra at 1700 cm −1 with their calculated values at 1728 and 1708 cm −1 , respectively. The bands corresponding to C-O stretching mode appear at 1368 cm −1 in IR spectrum and 1337 cm −1 (very strong) for theoretical Raman spectra. The C-O bending bands are observed at IR and Raman spectra at 853 cm −1 . Calculated wavenumber of this vibration is at 882 cm −1 . The Raman band at 558 cm −1 with the calculated value at 581 cm −1 comes from out of plane bending vibration of OH group. The asymmetric and symmetric stretching modes of COO − group are respectively observed at 1492 and 1382 cm −1 . Their calculated counterparts are at 1502 (asymmetric) and 1487 cm −1 (symmetric). The bending modes of COO − group are not observed in experimental spectra, but are visible on calculated spectrum at 708, 591, and 407 cm −1 .
2-aminopyridine vibrations
Vibrations of 2-aminopyridine cation can be divided into vibrations of NH 2 group, NH stretching and bending vibrations and vibrations of the aromatic ring. Both amino groups are involved in creation of hydrogen bonds with fumarate dianion. The NH 2 groups in the aminopyridine are classified to asymmetric stretching, symmetric stretching, in-plane and out-of plane bending mode of vibrations. The calculated frequencies of NH 2 stretching (respectively asymmetrical and symmetrical) vibrations are lying at 3532 and 2860 cm −1 . The band observed at 1643 cm −1 in theoretical IR spectra is assigned to NH 2 in-plane bending vibration and in the experimental spectrum this peak is observed at 1550 cm −1 with strong intensity. The NH 2 in plane rocking modes are observed at 430 cm −1 in IR and Raman spectra, and calculated at 419 cm −1 . The wagging NH 2 bands are observed at 733 cm −1 in IR spectra, at 752 cm −1 in calculated spectra and in the Raman spectra are not observed. Stretching vibration of NH group is observed at 1900 cm −1 and because of N1-H5. . . O3 hydrogen bond the band is broad. The band corresponding to C-N stretching vibrations is calculated at 1695 cm −1 . Experimentally this peak occurs at 1675 cm −1 in the IR spectra and at 1660 cm −1 in the Raman spectra. The bands from C-N bending vibrations are observed at 550 cm −1 (in plane bending) and at 374 cm −1 (out of plane). The ring out of plane C-N vibrations can be seen at 392 cm −1 in IR spectrum and at 396 cm −1 in Raman spectrum. Calculated counterparts are at 511 and 393 cm −1 .
H-bonds vibrations
In 
Frontier molecular orbital analysis
Frontier molecular orbital (HOMO-LUMO) analysis has been done to determine the molecular reactivity and the ability of a molecule to absorb light. It also plays an important role in electrical, optical properties, UVVis spectra and chemical reactions [23] [24] [25] [26] . Also, the HOMO-LUMO energy gap is used to determine molecular electrical transport properties [25] . The calculated HOMO-LUMO for 2APF-F by B3LYP/6-311G(d,p) basis set is shown in Fig. 6 . It is seen from Fig. 6 that electrons for HOMO are delocalized mainly on the 2-aminopyridinium ring and on the carboxylate group (this group is hydrogen bonded with cation). However for the LUMO electrons are delocalized on the whole fumaric acid molecule. For the LUMO+1 electrons are delocalized practically on the whole molecule of bis(2-aminopyridinium) fumarate fumaric acid 1:1 and for the HOMO-1 electrons are delocalized on the anion and partly on the nitrogen of 2-aminopyridinium cation. Energy gap between HOMO and LUMO equals 3.53 eV which show that the charge transfer occurs in 2APF-F molecule [26] . The chemical reactivity descriptors of molecules such as chemical potential µ, electronegativity χ, chemical hardness η and softness S are defined as follows:
where I and A are the ionization potential and electron affinity of the molecules, respectively. The ionization energy and electron affinity can be expressed through HOMO and LUMO energies as I = −E HOMO and A = −E LUMO . It is widely known that chemical hardness and softness are useful properties to measure the molecular stability and reactivity. A soft molecule has a small HOMO-LUMO gap and is more reactive than hard molecule which has a bigger energy gap. In order to study the chemical reactivity and stability of 2APF-F, the chemical hardness, softness, electronegativity and chemical potential have been calculated and the results are presented in Table VI . To investigate the Table VI , energy gap between HOMO and LUMO orbitals for the dissolved particle is bigger than in the gas phase and increases from 3.53 eV to 3.82 eV. The chemical hardness increase and the softness decrease in the solution phase. The molecule in the gas phase is more reactive than in solution phase.
Determination of molecular electrostatic potential
The possible sites for electrophilic and nucleophilic reactions as well as hydrogen bonding interactions [27, 28] are determined by the molecular electrostatic potential (MEP). The MEP is a plot of electrostatic potential surface, i.e. plot of electrostatic potential mapped on the constant electron density surface. To predict reactive sites for nucleophilic and electrophilic attack for 2APF-F the MEP at the B3LYP/6-311++G(d,p) optimized geometry was calculated. Figure 7 shows the 3D plot of shows that the negative potential sites are on the oxygen atoms and positive potential sites are around hydrogen atoms from carboxylic group. These sites give information concerning the region from where the compound can have the intermolecular interaction.
NBO analysis
To investigate intermolecular interactions, the NBO analysis was carried out for the title compound. For each donor NBO(i) and acceptor (j), the stabilization energy E (2) associated to electron delocalization between donor and acceptor is estimated as
where q i is the donor orbital occupancy, ε i , ε j are diagonal elements (orbital energies) and F ij is the off-diagonal NBO Fock matrix element. The results of second-order perturbation theory analysis are collected in Table VII . It is seen that the biggest contribution to the stabilization energy of the system is due to O2 a −H2 a . . . O3 hydrogen bond. The stabilization energy between lone electrons pair on the O27 oxygen atom of the carboxylate group and the antibonding orbital σ(O52-H56) equals 21.78 kcal/mol [29, 30] . The second according to the bond strength is the N1-H5. . . O3 hydrogen bond with the stabilization energy equals 6.54 kcal/mol. The remaining two hydrogen bonds of N-H. . . O type are weaker, the interaction energy between lone pairs n(O28) and antibonding orbital σ(N14-H23) is equal to 3.99 kcal/mol, while the stabilization energy for N2-H9. . . O4 b hydrogen bond equals 3.96 kcal/mol. As it could be expected, on the basis of crystallographic data, the weakest bond in the studied system is unconventional hydrogen bond of C-H. . . O type between π-electrons of 2-aminopyridinium ring and oxygen atom lone pair of neutral molecule of fumaric acid. The stabilization energy of this bond equals 1.69 kcal/mol and corresponds to weak hydrogen bond. Crystallographic data and the results of NBO calculations are in good agreement. It is worthwhile mentioned that the results of theoretical calculations could not reflect the current situation in real crystal as for simulations one can choose several neighboring molecules only which are additionally located at the vacuum. Therefore the effects originating from crystal packing phenomena, i.e. intermolecular interactions, are neglected.
NLO properties
It is well known that the importance of polarizability and hyperpolarizability of a molecular system is dependent on the electronic communication of two different parts of a molecule. Nonlinear activity of any materials provides the key functions from applications point of views for frequency shifting, optical modulation, optical switching etc. for developing technologies in the area of communication, optical processing and interconnection [31, 32] . The dipole moment µ, polarizability α and the first hyperpolarizability β were calculated with the level of B3LYP/6-311++G(d,p) basis set on the basis of the finite field approach. The complete equations for calculating the magnitude of total static dipole moment µ, the mean polarizability α 0 , the anisotropy of the polarizability ∆α and mean first polarizability β 0 , using the x, y, z components are obtained from the Gaussian output as follows: The calculated dipole moment, the polarizability and first hyperpolarizability are listed in . The large value of first hyperpolarizability, which is more than 16 times greater than urea (0.78 × 10 −30 cm 5 esu −1 ) may be associated with the large number of π conjugated bonds and intramolecular hydrogen bonds [33] .
Thermodynamic properties
On the basis of vibrational analysis and statistical thermodynamics, the standard thermodynamic functions: constant volume heat capacity C v , entropy S, and enthalpy H were obtained at B3LYP/6-311++G(d,p) level and listed in Table IX. Table IX shows that the standard heat capacities, entropies, and enthalpies increase at any temperature from 200.00 to 500.00 K, because the intensities of molecular vibration increase with the increasing temperature. The correlations between these thermodynamic properties and temperatures T are as follows: 
Conclusion
Optimized geometry of bis(2-aminopyridinium) fumarate -fumaric acid (1:1) [2APF-F] has been obtained. Comparison of the crystal structure and the theoretically calculated geometry show small differences in bond lengths and atomic angles values. In spite of the differences observed in the geometric parameters, the general agreement is good and the calculated results support the solid-state structure. Several infrared and Raman modes have been identified and assigned for the title crystal. The theoretical and observed frequencies have been compared and several stretching and deformation modes confirm the presence of intermolecular hydrogen bonding in the title crystal. The present work is, therefore, an attempt to present a critical review of the data on which infra-red spectral correlations are based indicating the classes of compounds which have been studied in each case the factors which can influence the frequencies or intensities of the characteristic bands. The TD-DFT calculations on the molecule provided deep insight into their electronic structure and properties. The HOMO-LUMO energy gap supports the charge transfer interaction within the molecule. NBO The large value of first hyperpolarizability suggests that the studied molecule 2APF-F is a good candidate for higher order nonlinear optical applications.
